Introduction 47 48
The carbon isotope composition of organic matter in soils and sediments has 49 proven useful in documenting past environments, carbon dynamics and the sources 50 of organic matter. However, the isotope composition of bulk organic matter may be 51 altered during decomposition and/or by diagenesis. Indeed, the isotope composition 52 of bulk organic matter corresponds to the weighted mean comprised by the isotope 53 composition of each of its individual constituents. Therefore, the isotope composition 54 of bulk organic matter can be disproportionately altered if the constituents lost by 55 degradation have an isotope composition which differs substantially from that of the 56 preserved constituents (Deines, 1980; Balesdent et al., 1993) . Consequently, the 57 isotope analysis of specific compounds having high preservation potential may 58 minimize degradation biases and is becoming increasingly favoured (Wiesenberg et 59 al., 2004; Yamamoto et al., 2010) . Among such biomarkers, long-chain fatty lipids 60 such as n-alkanes and n-acids are the most commonly investigated molecules for 61 specific compound isotope analyses. Indeed, these typical plant components exhibit 3 a rather high preservation potential and are relatively easy to analyse. However, 63 these long-chain lipids may not be completely resistant to degradation and their 64 relative distribution may be modified in the early phases of organic matter 65 degradation (Cranwell, 1981; Buggle et al., 2010) . Previous investigations on the 66 effects of degradation on the isotope composition of these specific lipids led to 67 contrasting results: either the 13 C-content of these compounds was unaffected over 68 time or it exhibited a trend towards 13 C-enrichment of specific molecules (Stahl, 1980;  Chikaraishi and Naraoka, 2006). The observed 13 C-enrichment of fatty lipids was 71 suggested to have two possible causes: (i) an isotope discrimination effect had 72 occurred during degradation and/or (ii) the fatty lipids were contaminated by long-73 chain lipids derived from microbes. In the absence of categorical evidence, neither of 74 these two alternatives could be favoured or excluded by the previous authors 75 (Nguyen Tu et al., 2004; Chikaraishi and Naraoka, 2006) .Nevertheless, the disparity 76 in the reported 13 C-content trends is likely to be related to differences in the 77 environments investigated: i.e., oxic vs. anoxic, well-drained vs. stagnant water, soil 78 organic matter vs. oil spills, etc. Such a disparity calls for complementary studies in 79 other environments, to better constrain the potential for bias in the isotope record of 80 (paleo)environments. 81
The present study aimed to determine the precise effects of early degradation 82 on the isotope composition of specific alkanes. A major challenge to investigating the 83 degradation of organic matter is the multiplicity and diversity of its sources. Indeed, it 84 can be difficult to distinguish the actual effects of decomposition from those related to 85 variations in the relative contributions of its sources. An alternative approach is to 86 study materials that are precisely identified, such as the plant leaves that provide the 87 main source of long-chain alkanes in soils and sediments (Eglinton and Hamilton, 88 1967 dealing with such intense labelling. Limited labelling (i.e. lower than 50‰) provides 103 the opportunity to detect even minor microbial contribution. We thus used slightly 13 C-104 enriched beech leaves to monitor the effects of decomposition during a four-year 105 experiment in natural forest soil. To our knowledge, this study represents the first 106 time 13 C-labelled leaves have been used to investigate, in the field, the effects of 107 degradation on the isotope composition of specific lipids. Our data provide a better 108 understanding of the sources of potential bias related to degradation effects, and 109 hence will allow specific compound isotope analysis in (paleo)environmental studies 110 to be used with greater accuracy and significance. 2004. In order to minimize isotope effects linked to soil respiration, plants were grown 120 on vermiculite and fed three times per week with a previously described nutritional 121 solution (Coïc and Lesaint, 1983). The pCO 2 and  13 C atm were maintained at 380 122 ppmv and +40‰, respectively. Climate conditions in the chamber were held constant 123 during the five months of labelling: 70% relative humidity and 20°C day temperature. 124 After harvesting, leaves were rinsed with distilled water to remove extraneous 155 particles and dried at 45°C until they attained a constant weight. Leaves were then 156 examined under a dissecting microscope to monitor morphological changes. One 157 milligram was removed from each leaf for elemental and isotope analyses (see 158 section 2.3.1) to determine the main biochemical characteristics of the leaves at the 159 initial stage of degradation. Each batch was composed of 10-15 leaves and 160
corresponded to approximately one gram of organic matter. Batches were assembled 161 using leaves from as many different trees/plants as possible to obtain equivalent 162 batches. 13 C-enriched leaves were selected to constitute batches having isotope 163 6 variabilities similar to those of natural leaves (i.e. a standard deviation ≤0.8 ‰). The 164 mean isotope composition of the batches of labelled leaves varied within a rather 165 large range (i.e. +16.3 ‰ to +36.8 ‰) that precluded direct comparison between 166 batches. Moreover, labelled and unlabelled leaves were grown in different conditions 167 and exhibited slightly different biochemical characteristics. Therefore, to avoid biases 168 linked to differences between the 13 C-enriched leaf batches and the wild leaf batches 169 at the initial stage, the following discussion will be based primarily on the comparison 170 of degradation trends (i.e.  13 C degradation =  13 C degraded - 13 C initial ). 171 172
Litterbag incubation 173
Preliminary investigations showed that in contrast to aluminium nets, the nylon 174 and polypropylene nets generally used for litterbags may release substantial 175 amounts of contaminants that could be potentially extracted with the leaf lipids. 176 Accordingly, the litterbags (9.5  14.5 cm) were made of aluminium wire. The mesh 177 size was 1.4  1.8 mm and was small enough to contain small leaf litter debris yet 178 large enough to permit aerobic microbial activity and free entry of small soil animals. notably the enchytraeids that are very abundant in moders (Ponge, 1999) . These 255 grazing marks became frequently observed after 10 weeks of decomposition ( Fig.  256 1c). After one year, the upper cuticle of leaves showed evidence of grazing, leading 257 to complete holes between veins ( Figs. 1d and 1e ) and to a progressive 258 skeletonization of the leaves (Fig. 1f ). After decomposing for four years, the only 259 original material remaining consisted of bundles of skeletonized leaf fragments (Fig.  260 1f). Exogenous material also accumulated on the leaves during the experiment. 261
Fungi progressively invaded the leaf surfaces (Fig. 1d) ; on leaves exposed to light, 262 micro-algae colonized the gaps left by grazing fauna (Fig. 1d) ; faecal material was 263 deposited by soil fauna (Fig. 1e) ; and conifer pollen grains probably originating from 264 adjacent stands were also deposited ( Fig. 1e and 1f ). Labelled and unlabelled leaves 265 exhibited similar degradation patterns upon microscopic examination. 266
After four years of decomposition in the field, the litter leaves had lost 50-90% 267 of their initial dry weight ( Fig. 2a) . A rather large weight loss was observed during the 268 first several days followed by slower decomposition rates afterwards. This 269 decomposition trend is in agreement with other studies that reported the 270 decomposition patterns of beech litters under similar conditions (Cortez, 1998; Ono 271 et al., 2009 ). 13 C-labelled leaves appeared to degrade slightly more quickly than 272 natural leaves during the first three years ( Fig. 2a ). Nevertheless, both leaf types 273 eventually lost equivalent weights after four years (Fig. 2a) . The difference in initial 274 decomposition rates of the natural and the labelled leaves probably reflected 275 differences in initial leaf quality. Among other factors, the C/N ratio was lower in 276 labelled leaves than in natural leaves at the initial stage (with means of 19.6 and 26.9 277 for labelled and unlabelled leaves, respectively). This lower C/N ratio probably 278 contributed significantly to the difference in decomposition rate, and has been 279 suggested previously (Melin, 1930; Witkamp, 1966; Taylor et al., 1989) . Litter quality 280 differences may be attributed to growing conditions that were probably more 281 favourable in the labelling chamber than in the field. To avoid potential bias linked to 282 this difference in litter quality, we based our discussion on degradation trends 283 calculated relative to the initial/undegraded stage of each batch, rather than on direct 284 comparisons between the two crude datasets. Regardless of the dataset, no specific 285 trends were evident with respect to the carbon content or the C/N ratio, both of which 286 remained relatively constant during the experiment (~450 mg/g and ~20, 287 respectively; data not shown). These values agree with those previously reported for 288 beech leaves and litter found at the experimental site . 289
Lipids of senescent leaves (i.e. at the initial stage of degradation) accounted 290 for ~11 wt.% and ~16 wt.% of the dry material for unlabelled and 13 C-labelled leaves, 291 respectively. Here again, the higher lipid content of the labelled leaves compared to 292 that of the natural leaves was probably due to differences in growing conditions. 293
Nevertheless, both leaf types exhibited similar degradation patterns for lipids ( Fig.  294   2b) . Lipid content decreased sharply during the first month of the experiment, 295 reaching ~6 wt.% of dry material. Leaf lipid content then progressively decreased to 10 become >1 wt.% after four years of degradation (Fig. 2b) . Final lipid loss was greater 297 than 99 wt.% of the initial lipid content, which was much higher than the bulk weight 298 loss (i.e. ~80 wt.% of initial leaves). Accordingly, lipids were degraded to a greater 299 extent than were the non-lipidic constituents of the leaves. The chemical composition Disproportionate changes in isotope content during degradation may reflect 330 either contributions from exogenous material having different isotope compositions or 331 an "isotope effect" (Natelhoffer and Fry, 1988; Balesdent et al., 1993) . The latter 332 phenomenon describes the selective degradation of chemical compounds having 333  13 C values deviating from that of bulk leaves and/or kinetic discrimination during 334 metabolism of leaf constituents by degrading microorganisms (i.e. preferential 335 metabolism of the material that is 13 C-depleted). Kinetic discrimination would be 336 expected to generate similar patterns for a given species in a given environment. 337
This explanation can thus be ruled out in our experiment since 13 C-labelled and 338 unlabelled leaves exhibited different isotope depletion patterns. The preferential 339 degradation of the lipids noted in section 3.1 did not likely account for the observed 340 isotope trends because lipids corresponded to only between 1 and 15% of the bulk 341 leaf weight. Moreover, lipids are 13 C-depleted compared to the bulk leaves (Park and 342 Epstein, 1960; Monson and Hayes, 1982) . Selective degradation of 13 C-enriched 343 molecules such as carbohydrates may partly explain the isotope content trends 344 detected in bulk leaves. Indeed, 13 C-labelled leaves were grown in optimal conditions 345 which may have led to them having higher carbohydrate content than the unlabelled 346 leaves. Since carbohydrates can be 13 C-enriched up to 5‰ with respect to bulk 347 leaves (Ehleringer, 1991), this may have played a role in the different behaviours of 348 the isotope content in labelled and unlabelled leaves. Nevertheless, the depletion 349 observed here for bulk labelled leaves reached 12‰ after four years of degradation. 350 A complementary explanation is thus necessary to fully explain the observed isotope 351 patterns, especially with respect to those observed for specific alkanes. Accordingly, 352 this is most likely due to a contribution from exogenous organic matter that is of a 353  13 C value lower than that of the labelled leaves. Such an exogenous contribution 354 may be linked to the progressive invasion and/or accumulation of algae, faeces and 355 fungi which were revealed upon microscopic examination. Although such soil-derived 356 microbial biomass is generally considered to be devoid of long chain lipids such as n-357 alkanes, microbes such as fungi or algae may contain long-chain lipids (Jones and 358 Young, 1970; Rezanka and Sokolov, 1993; Volkman et al., 1998) . 359
The isotope composition of the exogenous organic matter that may have 360 contributed to the decaying leaves is likely similar to or slightly enriched in 13 C with 361 respect to the original unlabelled material, whether at the bulk leaf level or the 362 molecular level. Indeed, soil microbial biomass is generally considered to be 13 C-12 enriched by 1-3‰ compared to soil organic matter (Werth and Kuzyakov, 2010;  and 364 reference therein). Fungi can be either slightly 13 C-depleted or 13 shown for copepod sterols (Grice et al., 1998) . Therefore, the exogenous contribution 377 to the original plant material probably had an isotope composition similar to or slightly 378 higher than that of the unlabelled leaves. This implies that fungi, other microbes and 379 the animals that produced the faeces in the litter likely derived mostly their diet from 380 unlabelled organic matter that was the main substrate in the experimental site. 381
By comparing degradation patterns in 13 C-labelled and unlabelled leaves, this 382 study provides evidence for microbial contributions to decaying litter at the level of 383 bulk organic material and at the level of specific alkanes. This exogenous 384 contribution was probably substantive but relatively small when compared to the bulk 385 mass of the leaves in our samples. In this way, no isotope trend would be expected 386 for unlabelled leaves while 13 C-enriched leaves would be expected to exhibit 387 decreasing  13 C values throughout the decay period. While contribution from 388 microbial organic matter to bulk plant organic matter has been well established 389 previously, this has not been reported for long-chain alkanes. These molecules have 390 been generally considered to be typical of plants, although recent studies suggested 391 that microbial alkanes may contribute to degrading plant alkanes in soils and 392 sediments (Buggle et al., 2010). The present study thus provides direct isotope 393 arguments in favour of microbial contribution rather than isotope discrimination 394 effects to explain the 13 C-enrichment trends previously reported for plant alkanes in 395 soils (Nguyen Tu et al., 2004; Chikaraishi and Naraoka, 2006) . Although microbial 396 contribution appeared to be relatively limited for unlabelled/natural litter for this four-397
year-incubation, results from other studies suggest that it may lead to a 13 C-398 enrichment of up to 4‰ (Chikaraishi and Naraoka, 2006) . This result was actually 399 based on lipids extracted from bulk soils sampled from the horizon underlying the 400 litter layer (i.e. 2-10 cm in depth). Therefore, it may be suggested that the high 13 C-401 enrichment detected by Chikaraishi and Naraoka (2006) corresponded to the 402 accumulation over time of an increase in 13 C-content that was negligible at first but 403 that led to a measurable effect in the long-term. Chikaraishi and Naraoka (2006) 404 found that long-chain n-alkanols and n-alkanoic acids can also undergo significant 405 13 C-enrichment during leaf degradation in soils. We may therefore generalize our 406 findings to other long-chain fatty lipids, which may also be contaminated by microbial 407 lipids. Thus, circumspection is called for when considering long-chain fatty lipids as 408 unaltered record of organic carbon isotope composition. 
